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ABSTRACT
OBJECTIVES This study sought to characterize direction-dependent and coupling interval–dependent changes in left
atrial conduction and electrogram morphology in uniformly classiﬁed patients with paroxysmal atrial ﬁbrillation (AF) and
normal bipolar voltage mapping.
BACKGROUND Although AF classiﬁcations are based on arrhythmia duration, the clinical course, and treatment
response vary between patients within these groups. Electrophysiological mechanisms responsible for this variability are
incompletely described.
METHODS Intracardiac contact mapping during incremental atrial pacing was used to characterize atrial conduction,
activation dispersion, and electrogram morphology in 15 consecutive paroxysmal AF patients undergoing ﬁrst-time
pulmonary vein isolation. Outcome measures were vulnerability to AF induction at electrophysiology study and 2-year
follow-up for arrhythmia recurrence.
RESULTS Conduction delay showed a bimodal distribution, occurring at either long (high right atrium pacing: 326 
13 ms; coronary sinus pacing: 319  16 ms) or short (high right atrium pacing: 275  11 ms; coronary sinus pacing: 271 
11 ms) extrastimulus coupling intervals. Arrhythmia recurrence was found only in patients with conduction delay at long
extrastimulus coupling intervals, and patients with inducible AF were characterized by increased activation dispersion
(activation dispersion time: 168  29 ms vs. 136  11 ms). Electrogram voltage and duration varied throughout the left
atrium, between patients, and with pacing site but were not correlated with AF vulnerability or arrhythmia recurrence.
CONCLUSIONS Within the single clinical entity of paroxysmal AF, incremental atrial pacing identiﬁed a spectrum of
activation patterns correlating with AF vulnerability and arrhythmia recurrence. In contrast, electrogram morphology
(characterized by electrogram voltage and duration) was highly variable and not associated with AF vulnerability or recur-
rence. An improved understanding of the electrical phenotype in AF could lead to improved mechanistic classiﬁcations.
(J Am Coll Cardiol EP 2017;-:-–-) © 2017 The Authors. Published by Elsevier on behalf of the American College of Car-
diology Foundation. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
A trial ﬁbrillation (AF) classiﬁcations that areused to recommend treatment decisions arebased on AF episode duration (1); however,
a number of observations suggest that within
classiﬁcation categories, AF is a structurally and elec-
trically diverse arrhythmia. First, ablation shows var-
iable success between apparently similar patients
when controlling for comorbidities and left atrial
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(LA) dimensions. Second, some patients
require multiple ablation procedures to
achieve freedom from AF despite durable
pulmonary vein isolation, whereas others
require only a single procedure. Finally, the
natural history of AF varies, with differing
rates of progression to persistent AF seen.
In line with these observations, reduced con-
duction velocity and shortened refractori-
ness have been associated with increasing
severity, duration or recurrence of AF in
some (2), but not all (3,4), studies.
Recently, structural (5) and voltage-
deﬁned (6) targets for intervention beyond
pulmonary vein isolation have been pro-
posed. Although low voltage is correlated
with the presence of magnetic resonance
imaging indices of atrial ﬁbrosis (7), preser-
vation of normal bipolar voltage does not
imply absence of ﬁbrosis (8). Therefore, bi-
polar voltage measured only during sinus
rhythm or ﬁxed coupling interval pacing may
fail to detect atrial structural change.
Furthermore, whether LA conduction abnor-
malities or morphological electrogram changes occur
in apparently healthy atria (with normal bipolar
voltage) is unknown.
We hypothesized that direction- and coupling in-
terval–dependent changes in electrogrammorphology
and timing in patients with apparently healthy atria
may differentiate between truly normal atria and
those with underlying substrate change. In this study,
incremental atrial pacing was used to measure elec-
trogram voltage (EV), duration, conduction, and acti-
vation dispersion in a group of uniformly classiﬁed
patients with paroxysmal AF (PAF) and otherwise
normal atria.
METHODS
PATIENT SELECTION AND CLINICAL PROCEDURES.
Ethical approval was granted by the National
Research Ethics Service (10/H0802/77), and all par-
ticipants gave written informed consent for study
inclusion. The research conformed to the principles
described in the Declaration of Helsinki. Patients with
ischemic heart disease, cardiac surgery, or structural
heart disease were excluded. Antiarrhythmic drugs,
including calcium channel blockers, were stopped at
least 5 half-lives before ablation. Amiodarone was
stopped at least 6 weeks before ablation. All clinical
procedures were performed under general anes-
thesia. Following femoral access and trans-septal
puncture, 2 8.5-F SR0 long sheaths and a PentaRay
mapping catheter (Biosense Webster, Diamond Bar,
California, 4-4-4 mm electrode spacing) were
advanced into the left atrium. Decapolar (St Jude
Medical, St. Paul, Minnesota) and pentapolar (Bard
Electrophysiology, Natick, Massachusetts) catheters
were positioned in the coronary sinus (CS) and high
right atrium (HRA), respectively.
PACING PROTOCOL. The pacing protocol was deliv-
ered using a custom-built, institutionally approved
stimulator (Online Figures 1 and 2). The protocol was
designed to allow LA response to a full range of
extrastimulus coupling intervals (down to atrial
effective refractory period [ERP]) to be recorded at
more than 100 sites per chamber. As such, the drive
train was reduced to 2 beats (470 ms) followed by a
single premature extrastimulus. The S1S2 coupling
interval was reduced continuously without operator
interference in 2% steps from 350 ms to 200 ms or
loss of capture (e.g., 470-470-350, 470-470-343)
(Figure 1A). All pacing stimuli were delivered at a
voltage of at least twice threshold, with a pulse width
of 2 ms. The PentaRay catheter was sequentially
maneuvered to multiple sites in the body of the left
atrium, and bipolar electrograms were recorded
throughout in response to complete S1S1S2 pacing
trains delivered from the HRA and mid-CS.
SIGNAL PROCESSING. Electrograms were digitized
using LabSystem Pro-EP (Bard Electrophysiology) at
16-bit/4 kHz. Signal processing was performed ofﬂine
(MATLAB 8.2, MathWorks, Natick, Massachusetts).
Pacing timing was determined from the paced chan-
nel (HRA or CS). The ﬁrst pacing cycle was used to
determine the noise threshold and discarded from
subsequent analysis. A2 electrograms were rejected
from analysis if the signal was far-ﬁeld, there was
fusion with an atrial ectopic beat, or the 2 preceding
S1 beats failed to capture the left atrium. A band-pass
ﬁlter (30 to 500 Hz) was applied to bipolar recordings,
and the noise threshold deﬁned as signal mean  3 SD
of the 100 ms preceding the S2 component of the ﬁrst
cycle.
ELECTROGRAM ANALYSIS. Electrogram analysis was
performed to quantify electrogram morphology,
conduction response, activation dispersion, and atrial
refractoriness. Criteria used are summarized in
Table 1.
Electrogram morphology . Electrogram peak-to-
peak bipolar voltage (EV) and duration (ED) were
determined from the longest S2 pacing cycle length
analyzed at each site. The rate dependence of elec-
trogram amplitude was quantiﬁed by calculating the
gradient of the best-ﬁt line through S1S2 versus
ABBR EV I A T I ON S
AND ACRONYMS
ADT = activation dispersion
time
AF = atrial ﬁbrillation
CS = coronary sinus
DED = rate dependence of
electrogram duration
ED = electrogram duration
ERP = effective refractory
period
DEV = rate dependence of
electrogram voltage
EV = electrogram voltage
HRA = high right atrium
LA = left atrial
PAF = paroxysmal AF
S1S2block = the shortest S1S2
coupling interval that conducts
from pacing site to left atrium
S1S2delay = the shortest S1S2
coupling interval conducting
without decrement to the left
atrium
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FIGURE 1 Study Protocol
(A) Pacing protocol with measured intervals marked. (B) Schematic representation of A1A2 times as a function of extrastimulus coupling
interval illustrating measurement of S1S2delay and S1S2block times. Relationship between electrogram voltage (C) or electrogram duration
(D) and extrastimulus coupling interval with study parameters marked. DED ¼ rate dependence of electrogram duration; ED ¼ electrogram
duration; EV ¼ electrogram voltage; DEV ¼ rate dependence of electrogram voltage; S1S2block ¼ shortest S1S2 conducted to the left atrial
recording site; S1S2delay ¼ shortest S1S2 interval that conducted without decrement to the left atrium.
TABLE 1 Description of Study Parameters
Metric Description Unit
Electrogram
morphology
EV Peak-to-peak bipolar voltage at longest extrastimulus coupling interval mV
DEV Change in EV per unit change in extrastimulus coupling interval mV/s
ED Time interval between ﬁrst and last sharp electrogram components at longest extrastimulus coupling
interval
ms
DED Maximal increase in ED at short extrastimulus coupling interval compared to baseline ED ms
Conduction S1S2delay The shortest S1S2 coupling interval conducting to the left atrium with S1S2 ¼ A1A2 ms
S1S2block The shortest S1S2 coupling interval that conducts from pacing site to left atrium ms
ADT Longest LA activation time (measured at shortest S1S2 coupling interval) minus shortest LA activation
time (measured at longest S1S2 coupling interval)
ms
Refractoriness ERP The longest S1S2 coupling interval at which S2 failed to produce local capture ms
ADT ¼ activation dispersion time; DED ¼ rate dependence of electrogram duration; ED ¼ electrogram duration; ERP ¼ effective refractory period; DEV ¼ rate dependence of
electrogram voltage; EV ¼ electrogram voltage; LA ¼ left atrial.
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amplitude curves. This parameter (rate dependence
of electrogram voltage [DEV], mV/s) represents the
change in EV with coupling interval (Figure 1C). The
rate dependence of electrogram duration was quan-
tiﬁed from S1S2-A1A2 plots for each recording site.
For each S2 cycle length, the 5th and 95th centile of
A2 electrogram components were taken as the
beginning and end of local activation, respectively.
Change in electrogram duration was quantiﬁed as the
longest duration between these curves minus the
duration at baseline (DED, ms), which represents
the maximal change in electrogram duration with
coupling interval (Figure 1D). Electrogram fraction-
ation was quantiﬁed by counting the number of
peaks/troughs greater than the noise threshold for
each ﬁltered electrogram.
Conduct ion responses . To assess the impact of
coupling interval on electrogram timing, S1S2-A1A2
curves were plotted. These curves were characterized
by: 1) an A1A2 equal to S1S2 at long pacing cycle
lengths; 2) a minimum achievable A1A2 at short S1S2;
and 3) a curved transition period between these re-
gions. A hyperbola with asymptotes at y ¼ c and y ¼ x
was ﬁtted to these data. S1S2block was deﬁned as the
shortest S1S2 conducted to the LA recording site. The
shortest S1S2 interval that conducted without decre-
ment to the left atrium (S1S2delay) was determined as
the transition point of the curve (where A1A2 be-
comes greater than S1S2). S1S2delay represents the
coupling interval at which initial delay of the A2
electrogram occurs (Figure 1B).
Act ivat ion dispers ion . LA activation dispersion
was assessed from the appearance of conduction
curves representing all recording sites for an indi-
vidual atrium. Activation dispersion was quantiﬁed
by analyzing conduction parameters for regions close
to and distant from the pacing site. Geodesic dis-
tances across the surface of the LA electroanatomic
shell were calculated from the site of earliest activa-
tion to the recording site in the left atrium (Online
Figure 3). Activation dispersion time (ADT) (ms) was
deﬁned as the difference between the latest and
earliest activation times within an LA segment during
extrastimulus testing. ADT was calculated for all
points with geodesic distances greater and <60 mm
(the median of overall path length distributions).
Atr ia l re f ractor iness . Atrial ERP was measured at 2
sites (HRA and mid-CS) at a single basic cycle length
(470 ms). ERP was deﬁned as the longest S1S2 extra-
stimulus coupling interval that failed to produce local
atrial capture.
AF VULNERABILITY AND FOLLOW-UP. AF vulnera-
bility was assessed during pacing from HRA and CS.
Sustained AF was deﬁned as AF triggered by the
pacing protocol and lasting for more than 30 s (9).
Where AF resolved to an organized tachycardia,
overdrive pacing was used to terminate the tachy-
cardia. Electrical cardioversion was performed if AF/
atrial tachycardia persisted beyond 5 min. Following
electrical cardioversion, no further measurements
were taken within a blanking period of 10 min (4).
Time to arrhythmia recurrence was recorded over 2
years of routine clinical follow-up consisting of 3 to 6
monthly clinic reviews combined with 48-h ambula-
tory monitoring.
STATISTICAL TESTS. Data analysis was performed
using GraphPad Prism 6.0c (GraphPad Software,
San Diego, California). Data are represented as
mean  SD or median  interquartile range for
categorical variables. Categorical variables were
compared with Fisher exact test. Continuous vari-
ables were compared using Student 2-tailed t test.
Group means of 3 or more variables were compared
with analysis of variance. Comparisons of differences
between patients were expressed using standardized
differences. Standardized differences of 0.2, 0.5, and
0.8 are taken to represent small, medium, and large
effect sizes, respectively. Kaplan-Meier curves were
compared with the log-rank test. A value of p < 0.05
was considered signiﬁcant.
RESULTS
Fifteen consecutive patients (40% male; age: 64  11
years) undergoing ﬁrst-time pulmonary vein isolation
were studied. All patients had PAF with similar
symptom duration (2.2  1.7 years) and LA di-
mensions (4.0  0.6 cm). The median CHA2DS2Vasc
score was 2 (interquartile range: 0.5-3.5). There were
no regions of LA low voltage (<0.3 mV) (10) during
baseline pacing. In total, 23,142 electrograms were
recorded at 120  31 sites per left atrium. An operator
blinded to the case details inspected the quality of
every electrogram (Online Figure 4). A total of 34.6 
17.6% (HRA pacing) and 35.9  17.7% (CS pacing) of
PentaRay bipolar pairs yielded suitable electrograms
for analysis.
ELECTROGRAM MORPHOLOGY. A spectrum of
extrastimulus atrial electrogram (A2) morphologies
were seen. Short coupled extrastimuli resulted in
low-amplitude, prolonged-duration electrograms in
some cases (Figure 2A) (n ¼ 8), whereas other cases
were characterized by uniform nonfractionated elec-
trograms even at short coupling intervals (Figure 2B)
(n ¼ 7). The occurrence of prolonged-duration, low-
voltage electrograms was often dependent on pacing
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site, indicating an interrelationship between electro-
gram fractionation and activation direction. Exam-
ples of fractionation arising from CS pacing only or
HRA pacing only are given in Figures 2C and 2D.
Overall, this unidirectional fractionation was more
common than bidirectional fractionation (13.0  8.4%
vs. 3.0  4.0% of recording sites per atria; standard-
ized difference: 1.44). Of the cases showing fraction-
ated local electrograms, one-half (n ¼ 4) showed
progressive fractionation as the extrastimulus
coupling interval was reduced (Figure 3).
Left atrial EV ranged from 0.7 to 2.7 mV for HRA
pacing and 1.0 to 2.4 mV for CS pacing. Intra-atrial
regional differences in voltage were detectable dur-
ing HRA pacing, but not during CS pacing, with HRA
pacing revealing a signiﬁcant voltage gradient
between anterior/septal regions (low EV) and ﬂoor/
posterior/roof regions (high EV) (Figure 4A). Despite
regional variations in baseline voltage, the DEV was
uniform throughout the left atrium under both HRA
pacing and CS pacing conditions (Figure 4B). On a
point-by-point basis, there was a weak but signiﬁcant
correlation between HRA pacing and CS pacing EV
(R2 ¼ 0.2, p < 0.0001), indicating that EV is partially
(but not completely) independent of activation
direction.
ED ranged from 11 to 57 ms for HRA pacing and
from 8 to 65 ms for CS pacing. During both HRA
pacing and CS pacing, ED varied between LA regions,
with the longest ED recorded at the septum
(Figure 4C). There was however no clear point-by-
point relationship between ED recorded under HRA
FIGURE 2 Electrogram Fractionation: Dependence on Activation Direction
Recordings showing electrogram fractionation independent of, or dependent on, activation direction are shown on the left and right panels, respectively. (A) Elec-
trograms showing fractionation of A2 components (arrows) during CS pacing and HRA pacing. (B) Absence of A2 fractionation (arrows) during CS pacing or HRA pacing.
(C) Fractionation of A2 components (arrows) only during CS pacing. (D) Fractionation of A2 components (arrows) only during HRA pacing. CS ¼ coronary sinus;
HRA ¼ high right atrium.
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FIGURE 3 Effect of Extrastimulus Coupling Interval on Electrogram Fractionation
Number of electrogram peaks during HRAp and CSp (x- and y-axes) plotted against extrastimulus coupling interval (z-axis). (A) Increased
direction-dependent (orange) and direction-independent (blue) fractionation with shortening of S1S2 interval. (B) Direction-dependent
(orange) and direction-independent (blue) fractionation present at both long and short S1S2 intervals. CSp ¼ CS pacing; HRAp ¼ high right
atrial pacing.
FIGURE 4 Electrogram Voltage and Duration
(A) Regional distributions of baseline EV. (B) Regional distributions of electrogram voltage change with extrastimulus coupling interval (DEV).
Signiﬁcance levels are shown for differences between LA regions under HRAp (orange) and CSp (blue). (C) Regional distributions of baseline
ED. (D) Regional distributions of electrogram duration change with extra-stimulus coupling interval (DED). Region deﬁnitions are deﬁned in
Online Figure 5. Abbreviations as in Figures 1 to 3.
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pacing and CS pacing conditions, conﬁrming the
interrelationship between electrogram fractionation
and activation direction noted from the raw electro-
grams discussed previously. The DED was more pro-
nounced in regions of prolonged ED during baseline
pacing (Figure 4D). On a point-by-point basis, there
was no signiﬁcant relationship between DED
measured under HRA pacing and CS pacing
conditions.
ATRIAL REFRACTORINESS. Mean HRA and CS ERPs
at a basic cycle length of 470 ms were 239  21 ms and
231  19 ms, respectively (p ¼ 0.4763). There was
signiﬁcant variability in ERP between study patients
(HRA ERP range: 208 to 286 ms; CS ERP range: 200 to
274 ms).
CONDUCTION RESPONSE. A spectrum of conduction
curves was seen, ranging from long conduction delay/
block without electrogram prolongation/fractionation
to short conduction delay/block with pronounced
electrogram fractionation (Figure 5). Conduction
block was quantiﬁed with S1S2block. S1S2block was
evenly distributed on the range of 200 to 300 ms for
both HRA pacing and CS pacing. Conduction delay
was quantiﬁed with S1S2delay. S1S2delay showed a
bimodal distribution with peaks for HRA pacing at 275
 11 ms and 326  13 ms and for CS pacing at 271  11
ms and 319  16 ms (Figure 6). Within a single case,
measured S1S2delay was uniform across the left
atrium and was independent of activation direction
(S1S2delay during CS pacing vs. S1S2delay during HRA
pacing; R2 ¼ 0.6674, p < 0.0001).
ACTIVATION DISPERSION. Conduction delay close
to the pacing site was correlated with S1S2delay
(R2 ¼ 0.83, p < 0.0001), but insufﬁcient to explain the
overall conduction delay seen in the left atrium
(circles vs. triangles) (Figure 7A). The LA local acti-
vation time progressively delayed as the recording
site moved more distant from the stimulation site,
although a number of cases showed reduced or absent
intra-atrial decrement. Activation dispersion time
(ADT, change in local activation time at long vs. short
coupling intervals) was signiﬁcantly greater for
recording sites more than 60 mm from the earliest LA
activation (Figure 7B). Prolonged S1S2delay was corre-
lated with increased activation dispersion (R2 ¼ 0.42
for correlation between ADT >60 mm and S1S2delay,
p ¼ 0.0089).
AF VULNERABILITY AND FOLLOW-UP. AF was
induced in 9 of 15 (60%) patients. HRA pacing induced
AF more often than CS pacing (8 of 15 [53%] vs. 4 of 15
[27%], standardized difference ¼ 0.57). In the patients
in whom AF was induced, a spectrum of AF vulnera-
bility was present with extrastimulus testing resulting
in AF after 0% to 73% of HRA pacing runs and 0% to
50% of CS pacing runs (mean: 34  25% for HRA pacing
and 15  20% for CS pacing; standardized difference ¼
0.87). S2 interval at AF induction was longer for HRA
pacing than CS pacing (287  20 ms vs. 272  33 ms,
standardized difference¼0.55). There were only small
differences in electrogram morphology parameters
between patients in whom AF was induced and those
in whom AF was not induced (Table 2), but dispersion
of LA activation was markedly greater (168  29 ms vs.
FIGURE 5 Conduction Curves
Typical S1S2-A1A2 curves from 2 cases with early (A) and late (B) conduction delay. Black crosses show the time from the S1 stimulus preceding
the extrastimulus to local left atrial activation (A1 local electrogram peak). Blue crosses show the timing of individual peaks of the A2 left atrial
electrogram, timed to the preceding S1 extrastimulus. Orange crosses show individual peaks of the A2 electrogram, timed to the preceding
A1 electrogram. Abbreviations as in Figure 1.
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136  11 ms, standardized difference ¼ 0.94). The S2
coupling interval at AF induction was signiﬁcantly
shorter than S1S2delay (281 ms vs. 321 ms, p ¼ 0.0011),
indicating that S1S2delay measurement is feasible
without AF induction.
Kaplan-Meier survival curves representing time to
arrhythmia recurrence for patients with low and high
S1S2delay (deﬁned from the bimodal distributions
illustrated in Figure 6) are shown in Figure 8.
Although all arrhythmia recurrences were seen in
patients with conduction delay occurring at long
extrastimulus coupling intervals (long S1S2delay), the
difference between the curves was nonsigniﬁcant by
the log-rank test.
FIGURE 7 Components of Intra-Atrial Conduction Delay
(A) Relationship between CS activation time (“pacing latency,” circles) and LA activation time (“conduction delay,” triangles). (B) Activation
dispersion time represents the difference between earliest and latest LA activation and is illustrated for regions of the chamber less than and
>60mm from the earliest LA activation site. CSd¼ distal coronary sinus; CSm¼mid coronary sinus; LA¼ left atrium; LAT¼ local activation time.
FIGURE 6 Conduction Response Frequency Distributions
Overall distributions of S1S2delay are shown for HRA and CS pacing. S1S2delay showed a bimodal distribution represented by a Gaussian mixed
model. (A) HRA pacing. Peaks at 275  11/326  13 ms (K-S p ¼ 0.31: sample is not signiﬁcantly different to the bimodal distribution). (B) CS
pacing. Peaks at 271  11/319  16 ms (K-S p ¼ 0.52: sample is not signiﬁcantly different to the bimodal distribution). K-S ¼ Kolmogorov-
Smirnov; other abbreviations as in Figures 1 and 2.
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DISCUSSION
This study used detailed extrastimulus mapping to
characterize coupling interval–dependent changes
in LA conduction and electrogram morphology in
patients with PAF. In a group of clinically similar
patients with normal baseline LA voltage: 1) pro-
longed intra-atrial conduction is associated with
increased activation dispersion, increased vulnera-
bility to AF initiation, and recurrence of arrhythmia
postablation; and 2) although a spectrum of elec-
trogram morphological changes is also seen, signif-
icant variation with activation direction and
extrastimulus coupling interval suggest they may
be unreliable measures of AF substrate. Overall,
these ﬁndings document signiﬁcant electrophysio-
logical variation between uniformly classiﬁed PAF
patients.
Both a trigger and a substrate are implicated in the
initiation and maintenance of AF (11). The concept of
an AF substrate may explain variable clinical pre-
sentations whereby patients with more advanced
remodeling are at greater risk of AF induction by
spontaneous ectopy. Quantifying the AF substrate in
practice is challenging, with clinical guidelines
largely dependent on arrhythmia duration to guide
management (1). Key components of the atrial sub-
strate include altered refractoriness, electrical con-
duction, and atrial ﬁbrosis.
ALTERED REFRACTORINESS. In clinical studies of
atrial refractoriness, ERP increases with both age and
hypertension in the absence of AF (9,12). In the
presence of AF, ERP prolongs compared with controls
(13), but as AF progresses from paroxysmal to
persistent, measured ERP universally shortens (14).
Hence, although shortening of refractoriness is asso-
ciated with more severe forms of AF, prolongation of
refractoriness may prevent AF in at-risk disease
states. The data presented here show signiﬁcant
variation in ERP between cases. In agreement
with these ﬁndings, previous work has shown that
shortening of refractoriness, but not dispersion of
refractoriness, is greater in chronic AF compared with
PAF (15). Our study extends these ﬁndings to show
that even within this group of uniformly classiﬁed
PAF patients, signiﬁcant intercase differences
in refractoriness are identiﬁable. A spectrum of
AF-related electrical remodeling may therefore be
present in these patients.
ELECTRICAL CONDUCTION. Previous in vitro work
shows that discontinuous conduction, at a cellular
level, may explain the occurrence of activation
direction–dependent fractionation of extracellular
potentials (16). The data presented here indicate that
varying degrees of discontinuous conduction appear
to occur in vivo in PAF patients: on a point-by-point
basis, 3 patterns of local electrogram complexity
exist: 1) absence of fractionation; 2) fractionation
TABLE 2 Electrogram Morphology in Patients With and Without AF Induction
Pacing Site Study Parameter AF-Inducible AF-Noninducible
Standardized
Difference (d)
HRA EV (mV) 1.4  0.6 1.6  0.4 0.39
ED (ms) 29.0  4.7 29.4  4.9 0.07
DEV (mV/s) 5.9  4.5 4.5  4.2 0.33
DED (ms/ms) 25.4  16.0 27.6  12.0 0.16
CS EV (mV) 1.5  0.5 1.5  0.3 0.14
ED (ms) 30.7  8.5 34.1  6.3 0.45
DEV (mV/s) 6.2  2.9 6.3  2.2 0.03
DED (ms/ms) 29.2  17.6 23.3  11.2 0.40
AF ¼ atrial ﬁbrillation; CS ¼ coronary sinus; HRA ¼ high right atrium; other abbreviations as in Table 1.
FIGURE 8 Kaplan-Meier Survival Analysis
Survival curves are shown with patients dichotomized into groups based on the S1S2delay
populations identiﬁed in Figure 6 under HRA pacing (A) and CS pacing (B) conditions.
Abbreviations as in Figures 1 and 2.
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dependent on incident wave direction; and 3) frac-
tionation independent of incident wave direction.
These observations are in agreement with prior work
demonstrating a lack of relationship between elec-
trogram fractionation in sinus rhythm compared
with CS pacing at a single cycle length (17). Notably,
however, the occurrence of these fractionation pat-
terns is dependent on the extra-stimulus coupling
interval, with shorter coupling intervals required to
reveal conduction discontinuities in some patients
which are present much earlier in other patients.
Quantiﬁcation of the change in electrogram
morphology (DED and DEV) with extrastimulus
coupling interval conﬁrmed responses that were
markedly dependent on activation direction at some,
but not all, recording sites. Such dependence of
electrogram morphology on activation direction is
consistent with the presence of more advanced
remodeling at these recording sites (18). A number of
possible mechanisms may underlie the occurrence of
fractionated signals, with previous work indicating
that EV may distinguish between fractionation
occurring because of atrial ﬁbrosis and fractionation
occurring because of parasympathetic innervation
(19). The present study extends these ﬁndings, sug-
gesting that activation rate dependence of electro-
gram fractionation could be a useful tool in stressing
atrial conduction and revealing underlying sites of
conduction disturbance. The relationship between
these fractionation patterns and underlying
physiological/pathological mechanisms should be
addressed in future studies.
Intra-atrial conduction delay, recorded at a single
activation rate in the right atrium, has been shown to
increase in patients with AF recurrence (20). In the
present study, the parameter S1S2delay was deﬁned as
the shortest S1S2 coupling interval conducting
without delay to the atria and identiﬁes the activation
rate at which delay of the A2 electrogram becomes
measureable. Possible contributors to the timing of
S1S2delay include delay close to the pacing site
(related to the relative refractory period of the stim-
ulated tissue) as well as conduction delay within the
LA. Although prior studies have identiﬁed signiﬁcant
pacing site latency (21) as a cause of intra-atrial con-
duction delay, in the cases studied here pacing site
latency (deﬁned as conduction time within the CS)
was insufﬁcient to explain all the conduction delay
seen. S1S2delay was uniform throughout the LA,
closely correlated under HRA and CS pacing condi-
tions and bimodally distributed throughout the pop-
ulation studied.
To quantify conduction within the atria, the spread
of activation times along the LA conducting path
length at the full range of extrastimulus coupling in-
tervals was determined. ADT was deﬁned as the
greatest increase in point-by-point local activation
time as S1S2 was reduced. Sites close to earliest LA
activation showed less dispersion of activation as
coupling interval was reduced than sites distant from
earliest LA activation. Cases that were AF-inducible at
electrophysiology study showed greater activation
rate dependent activation dispersion than cases that
were not inducible. This later observation is consis-
tent with prior work indicating that the absence of
conduction velocity restitution is protective against
ﬁbrillatory conduction or AF initiation (22). S1S2delay
was positively correlated with ADT, which is
explained by patients with higher S1S2delay having a
smaller range of S1S2 coupling intervals that conduct
without delay throughout the left atrium. Although
measurement of ADT requires panoramic mapping of
the entire atrium, S1S2delay can be measured at a
single LA site and may therefore provide a reliable
and clinically applicable measure of the response of
intra-atrial conduction to changes in coupling
interval.
ATRIAL FIBROSIS. Electrogram voltage, recorded by
contact mapping, correlates with increased atrial
ﬁbrosis in simulation studies (23), histological studies
(24), and cardiac magnetic resonance imaging studies
(25). In line with the concept of a ﬁbrotic atrial car-
diomyopathy, sinus rhythm atrial voltages are
reduced in patients with AF (3), patients with
increasing severity of AF (2), and patients with risk
factors for AF, including age (12) and hypertension
(9). However, other studies have failed to identify any
difference in global and regional LA voltages between
patients with and without AF (4). The data presented
here show a spectrum of mean LA voltages both be-
tween patients and between LA regions. Previous
studies found higher voltages in the posterior wall of
the left atrium (26) or lower voltage in the posterior
wall and septum (3). We again showed a regional
variation (higher in the ﬂoor, posterior, and roof re-
gions) in voltage, but this variation was only evident
during HRA pacing, not during CS pacing. Such
regional dispersion of LA voltage could be explained
by preferential ﬁbrosis of LA regions consequent on
the occurrence of AF. However, although histological
and imaging studies have identiﬁed regional varia-
tion in ﬁbrotic remodeling in the left atrium — for
example, showing greatest ﬁbrosis in the posterior
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wall (27) — bipole voltage is also affected by a number
of other factors including orientation of the recording
bipolar to the activation wave, rhythm during map-
ping, and activation direction–dependent wave colli-
sion (28,29). Overall, these observations suggest that
bipolar voltage mapping alone may be insufﬁcient to
deﬁne the electrical substrate for AF and may there-
fore be an imperfect target for ablation strategies
beyond pulmonary vein isolation alone.
In conclusion, incremental atrial pacing reveals
signiﬁcant electrophysiological variation between
patients uniformly classiﬁed with PAF. Variation in
conduction could be used during electrophysiolog-
ical interventions to reﬁne substrate-targeted abla-
tion strategies and the ability to quantify such
variation could help to stratify between ablation
strategies.
ACKNOWLEDGMENTS The authors thank Professor
Pier Lambiase and Professor André Ng for helpful
discussions of data included in the manuscript and
are grateful for the support of the physiology staff at
St. Thomas’ Hospital during data collection for this
study.
ADDRESS FOR CORRESPONDENCE: Dr. Steven E.
Williams, Division of Imaging Sciences and Biomed-
ical Engineering, King’s College London, 4th Floor
North Wing, St. Thomas’s Hospital, Westminster
Bridge Road, London, SE1 7EH, United Kingdom.
E-mail: steven.e.williams@kcl.ac.uk.
RE F E RENCE S
1. January CT, Wann LS, Alpert JS, et al. 2014
AHA/ACC/HRS guideline for the management of
patients with atrial ﬁbrillation: executive sum-
mary: a report of the American College of
Cardiology/American Heart Association task
force on practice guidelines and the Heart
Rhythm Society. J Am Coll Cardiol 2014;64:
2245–80.
2. Chang SL, Tai CT, Lin YJ, et al. Biatrial substrate
properties in patients with atrial ﬁbrillation.
J Cardiovasc Electrophysiol 2007;18:1134–9.
3. Marcus GM, Yang Y, Varosy PD, et al. Regional
left atrial voltage in patients with atrial ﬁbrillation.
Heart Rhythm 2007;4:138–44.
4. Saghy L, Callans DJ, Garcia F, et al. Is there a
relationship between complex fractionated atrial
electrograms recorded during atrial ﬁbrillation and
sinus rhythm fractionation? Heart Rhythm 2011;9:
181–8.
5. Akoum NW, Daccarett M, McGann CJ, et al.
Atrial ﬁbrosis helps select the appropriate patient
and strategy in catheter ablation of atrial ﬁbrilla-
tion: a DE-MRI guided approach. J Cardiovasc
Electrophysiol 2011;22:16–22.
6. Kottkamp H, Berg J, Bender R, Rieger A,
Schreiber D. Box isolation of ﬁbrotic areas (BIFA):
a patient-tailored substrate modiﬁcation approach
for ablation of atrial ﬁbrillation. J Cardiovasc
Electrophysiol 2016;27:22–30.
7. Khurram IM, Beinart R, Zipunnikov V, et al. Mag-
netic resonance image intensity ratio, a normalized
measure to enable interpatient comparability of left
atrial ﬁbrosis. Heart Rhythm 2014;11:85–92.
8. Harrison JL, Sohns C, Linton NW, et al. Repeat
left atrial catheter ablation cardiac magnetic
resonance prediction of endocardial voltage and
gaps in ablation lesion sets. Circ Arrhythmia
Electrophysiol 2015;8:270–8.
9. Medi C, Kalman JM, Spence SJ, et al. Atrial
electrical and structural changes associated with
longstanding hypertension in humans: implica-
tions for the substrate for atrial ﬁbrillation.
J Cardiovasc Electrophysiol 2011;22:1317–24.
10. Harrison JL, Jensen HK, Peel S, et al. Cardiac
magnetic resonance and electroanatomical map-
ping of acute and chronic atrial ablation injury: a
histological validation study. Eur Heart J 2014;35:
1486–95.
11. Sánchez-Quintana D, López-Mínguez JR,
Pizarro G, Murillo M, Cabrera JA. Triggers and
anatomical substrates in the genesis and perpet-
uation of atrial ﬁbrillation. Curr Cardiol Rev 2012;
8:310–26.
12. Kistler PM, Sanders P, Fynn SP, et al. Electro-
physiologic and electroanatomic changes in the
human atrium associated with age. J Am Coll
Cardiol 2004;44:109–16.
13. Teh AW, Kistler PM, Lee G, et al. Long-term
effects of catheter ablation for lone atrial ﬁbril-
lation: progressive atrial electroanatomic sub-
strate remodeling despite successful ablation.
Heart Rhythm 2012;9:473–80.
14. Teh AW, Kistler PM, Lee G, et al. Electro-
anatomic remodeling of the left atrium in parox-
ysmal and persistent atrial ﬁbrillation patients
without structural heart disease. J Cardiovasc
Electrophysiol 2012;23:232–8.
15. Kim B-S, Kim Y-H, Hwang G-S, et al. Action
potential duration restitution kinetics in human
atrial ﬁbrillation. J Am Coll Cardiol 2002;39:
1329–36.
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Although AF
classiﬁcations are based on arrhythmia duration, the clinical
course and treatment response vary between patients within
these groups. Electrophysiological mechanisms responsible for
this variability are incompletely described. This study character-
ized direction-dependent and coupling interval-dependent
changes in left atrial conduction in paroxysmal AF patients. A
range of activation patterns that correlated with AF vulnerability
and arrhythmia recurrence was identiﬁed. These ﬁndings illus-
trate that 1) even in apparently healthy atria as deﬁned by
voltage mapping, variability in left atrial activation (manifest as
increased activation dispersion) may occur and 2) this variability
may be responsible for the clinical spectrum of arrhythmia
occurrence/recurrence seen in these patients.
TRANSLATIONAL OUTLOOK: Using currently-available tech-
niques the identiﬁcation of the mechanism of AF in humans is
challenging. Instead, an approach identifying the electrophysio-
logical substrate supporting AF could improve selection for abla-
tion procedures. This work showed that extra stimulus testing
(which could be thought of as an electrical stress test) can reveal
atrial conduction abnormalities that are not evident during base-
line atrial pacing. Quantiﬁcation of activation dispersion using
these techniques could therefore provide a new method for char-
acterizing the atrial electrical phenotype in AF. Future work should
establish methods to quantify rate-dependent activation disper-
sionusingnon-invasive tools suchaselectrocardiographic imaging.
J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . - , N O . - , 2 0 1 7 Williams et al.
- 2 0 1 7 :- –- Atrial Remodeling in Atrial Fibrillation
11
16. Spach MS, Dolber PC. Relating extracellular
potentials and their derivatives to anisotropic
propagation at a microscopic level in human car-
diac muscle. Evidence for electrical uncoupling of
side-to-side ﬁber connections with increasing age.
Circ Res 1986;58:356–71.
17. Jadidi AS, Duncan E, Miyazaki S, et al.
Functional nature of electrogram fractionation
demonstrated by left atrial high-density map-
ping. Circ Arrhythmia Electrophysiol 2012;5:
32–42.
18. Kadish A, Balke CW, Levine JF, Moore EN,
Spear JF. Activation patterns in healed experi-
mental myocardial infarction. Circ Res 1989;65:
1698–709.
19. Lellouche N, Buch E, Celigoj A, et al.
Functional characterization of atrial electro-
grams in sinus rhythm delineates sites of
parasympathetic innervation in patients with
paroxysmal atrial ﬁbrillation. J Am Coll Cardiol
2007;50:1324–31.
20. Akyürek O, Sayin T, Dinçer I, Karaoguz R,
Güldal M, Oral D. Lengthening of intraatrial con-
duction time in atrial ﬁbrillation and its relation
with early recurrence of atrial ﬁbrillation. Jpn
Heart J 2001;42:575–84.
21. Koller BS, Karasik PE, Solomon AJ, Franz MR.
Prolongation of conduction time during premature
stimulation in the human atrium is primarily
caused by local stimulus response latency. Eur
Heart J 1995;16:1920–4.
22. Lalani GG, Schricker A, Gibson M, Rostamian A,
Krummen DE, Narayan SM. Atrial conduction slows
immediately before the onset of human atrial
ﬁbrillation: a bi-atrial contact mapping study of
transitions to atrial ﬁbrillation. J Am Coll Cardiol
2012;59:595–606.
23. Jacquemet V, Henriquez CS. Genesis of com-
plex fractionated atrial electrograms in zones of
slow conduction: a computer model of micro-
ﬁbrosis. Heart Rhythm 2009;6:803–10.
24. Hsieh MH, Lin YJ, Wang HH, et al. Functional
characterization of atrial electrograms in a pacing-
induced heart failure model of atrial ﬁbrillation:
importance of regional atrial connexin40 remod-
eling. J Cardiovasc Electrophysiol 2013;24:573–82.
25. Kapa S, Desjardins B, Callans DJ,
Marchlinski FE, Dixit S. Contact electroanatomic
mapping derived voltage criteria for characterizing
left atrial scar in patients undergoing ablation for
atrial ﬁbrillation. J Cardiovasc Electrophysiol
2014:1–9.
26. Katritsis D, Sougiannis D, Giazitzoglou E,
Kourlaba G, Ellenbogen KA. Regional endo-
cardial left atrial voltage and electrogram
fractionation in patients with atrial ﬁbrilla-
tion. J Cardiovasc Electrophysiol 2008;19:
1254–8.
27. Corradi D, Callegari S, Benussi S, et al. Myocyte
changes and their left atrial distribution in
patients with chronic atrial ﬁbrillation related to
mitral valve disease. Hum Pathol 2005;36:1080–9.
28. Tung R, Josephson M, Bradﬁeld J,
Shivkumar K. Directional inﬂuences of ventricular
activation on myocardial scar characterization. Circ
Arrhythmia Electrophysiol 2016;9:e004155.
29. Bradﬁeld JS, Huang W, Tung R, et al. Tissue
voltage discordance during tachycardia versus si-
nus rhythm: Implications for catheter ablation.
Heart Rhythm 2013;10:800–4.
KEY WORDS AF substrate, atrial
ﬁbrillation, atrial remodeling,
electrophysiology testing
APPENDIX For the supplemental ﬁgures,
please see the online version of this article.
Williams et al. J A C C : C L I N I C A L E L E C T R O P H Y S I O L O G Y V O L . - , N O . - , 2 0 1 7
Atrial Remodeling in Atrial Fibrillation - 2 0 1 7 :- –-
12
